Abstract White adipose tissue (WAT) is located beneath the skin as subcutaneous adipose tissue (SAT), around internal organs as visceral adipose tissue (VAT), pericardial and epicardial adipose tissue, and inside muscles in human beings. Recent studies indicate that developmental and patterning genes are differentially expressed in SAT and VAT, and some of these genes exhibit changes in expression that closely correlate with the extent of obesity and pattern of fat distribution. Furthermore, the development of adipocytes from mesenchymal stem/progenitor cells is thought to be mediated by developmental signaling molecules including nodal, Wnt/ wingless (Wg), bone morphogenetic proteins (BMPs), fibroblast growth factors (FGF), and others. Of these, BMPs and the FGF family have been suggested to play a role in maintaining energy homeostasis. However, it remains unclear whether these developmental and patterning genes are associated with morphological changes in WAT in response to exercise training (TR). On the other hand, when TR reduces the number of adipocytes in WAT, it increases preadipocyte factor 1 mRNA expression but down-regulates peroxisome proliferator-activated receptor-γ mRNA expression in stromal-vascular fraction cells, including adipose tissuederived stromal cells, via the up-regulation of hypoxia-inducible factor-1α, which may also upregulate the mRNA expression of vascular endothelial growth factor-A and its receptor. The purpose of this review is to summarize the research to date on the morphology of WAT and adipose tissue cellularity in exercise adaptation.
Introduction
The adipose tissue of mammals is classified into 2 types: white adipose tissue (WAT) and brown adipose tissue (BAT). WAT is a substantial reservoir of energy, which is stored as triacylglycerol, and the breakdown of triacylglycerol via adipocyte lipolysis yields fatty acids as an energy source. In addition, abundant recent evidence indicates that WAT is an endocrine organ that secrets several adipokines, such as leptin and adiponectin. On the other hand, BAT plays an important role in the body's thermoregulation. This review focuses on the biological adaptation of WAT to exercise training (TR). However, because there are many reviews [1] [2] [3] [4] [5] on the effects of TR on adipocyte lipolysis, the secretion of adipokines and the inflammation of WAT, we focus on the possible effects of TR on the morphological and cellularity changes in WAT.
Developmental and patterning genes in visceral WAT (VAT) and subcutaneous WAT (SAT)
WAT is located beneath the skin as SAT, around internal organs as VAT, as pericardial and epicardial adipose tissue, and inside muscles in human beings. These depots comprise several types of cells: adipocytes that contain lipid droplets, fibroblasts, macrophages and endothelial cells (ECs), and adipose tissue-derived stromal cells (ADSCs). Moreover, a comparison of VAT with SAT reveals some differences in physiological activities and the expression of developmental genes between the two depots. First, VAT has higher lipolytic activity than SAT, but leptin secretion is higher in SAT than in VAT. Second, recent studies [6] [7] [8] [9] [10] show that developmental and patterning genes are differentially expressed in SAT and VAT. VAT expresses higher levels of the homeobox genes HoxA5, HoxA4, and HoxC8, glypican 4 (Gpc4, a cell-surface heparan sulfate proteoglycan involved in cell division and growth regulation 11) ), and nuclear receptor subfamily 2 *Correspondence: tizawa@mail.doshisha.ac.jp group F member 1 (NR2F1, also known as COUP-TFI, an orphan member of the steroid receptor superfamily thought to be involved in organogenesis 12) ), whereas SAT has higher levels of HoxA10, HoxC9, Tbox-15 (Tbx15, a transcription factor involved in craniofacial and limb development in mice 13) ), short stature homeobox 2 (Shox2), engrailed 1 (En1, the mouse homolog of a Drosophila patterning gene 14) ), and secreted frizzled-related protein 2 (SFPR2, a soluble modulator of Wnt signaling 15) ). Interestingly, Tbx15, Gpc4, and HoxA5 exhibit changes in expression that closely correlate with the extent of obesity (body mass index [BMI] ) and pattern of fat distribution (waist-to-hip ratio) 8) . Thus, genetically programmed developmental differences in adipocytes in different regions of the body have been suggested to play an important role in obesity, body fat distribution, and probably potential functional differences between VAT and SAT. However, it remains unclear whether the differential expression of developmental and patterning genes between SAT and VAT is associated with the greater reduction in VAT in response to weight reduction compared to SAT. Ross et al. 16) showed that irrespective of the treatment used to induce weight loss (i.e., diet-induced weight loss and exerciseinduced weight loss), the relative reduction in VAT was greater than that in SAT. This phenomenon can partly explain the fact that higher lipolytic activity in VAT, than in SAT, may mediate a greater reduction in VAT in response to weight loss; but again, the possible role(s) of the differential expression of developmental and patterning genes between SAT and VAT on the intervention-induced reduction of both fat masses remains unknown.
Developmental signaling molecules in WAT
Adipocytes develop from mesenchymal stem/progenitor cells, and several developmental signaling molecules implicated in the evolution of mesodermal tissues have been shown to impact the development of VAT and SAT. These signaling molecules include nodal, wingless, fibroblast growth factors (FGF), bone morphogenetic proteins (BMPs), and others. Several lines of evidence indicate that BMPs provide inductive signals for adipose cell fate determination in mammalian systems (Fig. 1 ) [17] [18] [19] . BMPs belong to the superfamily of transforming growth factor-β proteins, and form a large subfamily comprising the currently known 14 BMP proteins. While BMP-2 and BMP-4 induce commitment and subsequent differentiation into the white adipocyte lineage, BMP-7 drives brown fat cell fate in both mesenchymal progenitor cells and committed brown preadipocytes 18) . In addition, recent advances highlight the role of BMPs in maintaining energy homeostasis.
In Drosophila, the vertebrate BMP2/4, and BMP5/6/7/8 orthologs are encoded by the decapentaplegic (dpp) and glass bottom boat (gbb) genes, respectively. These 2 BMP ligands have pleiotropic functions during Drosophila development with overlapping roles in regulating growth and patterning of the wing imaginal disc, as well as nonoverlapping roles in the specification of embryonic dorsoventral cell fates and retrograde signaling at the larval neuromuscular junction [20] [21] [22] . A recent study by Ballard et al. 23) showed that animals with mutations in gbb, or its signaling components, exhibited a developmental delay with reduced overall growth, a transparent appearance, derlying this phenomenon were further examined, and it was found that TR increased preadipocyte factor 1 (Pref-1) mRNA expression; but it significantly down-regulated the mRNA expression of peroxisome proliferator-activated receptor-γ (PPAR-γ), a central regulator of adipogenesis (see Fig. 1 ), as well as PPARγ target lipogenic genes in stromal-vascular fraction (SVF) cells containing ADSCs. This, in turn, significantly suppressed the differentiation of SVF cells into adipocytes. ADSCs are present in WAT, which is a mesodermally derived organ like bone marrow 34) . The recruitment and differentiation of ADSCs are active functions in adipogenesis, resulting in the differentiation of preadipocytes into mature adipocytes [34] [35] [36] . Preadipocytes express abundant Pref-1, which disappears after their conversion to adipocytes 37, 38) . Thus, TR may attenuate the increases in adipocyte number by suppressing the adipogenic differentiation of ADSC-containing SVF cells. Although the expression of PPARγ is inhibited by wingless-type MMTV integration site family members (WNTs) (see the next paragraph), TR significantly decreased the expression of WNT10B and β-catenin mRNAs in SVF cells. By contrast, the expression of hypoxia-inducible factor (HIF-1α), which is thought to have a negative effect on adipocyte differentiation 39) , was upregulated in SVF cells of TR rats; and pretreatment with YC-1, a potent HIF-1α inhibitor, restored adipogenesis in the SVF cells of TR rats. Thus, it can be inferred that upregulation of HIF-1α expression contributes to the TRinduced inhibition of adipogenesis in SVF cells.
As described above, WNT/β-catenin signaling inhibits adipogenesis (Fig. 1 ) 40, 41) . The canonical WNT signaling cascade converges on the transcriptional regulator β-catenin. Activation of WNT/β-catenin signaling promotes the differentiation of mesenchymal precursor cells into myocytes and osteocytes, while suppressing commitment to the adipocyte lineage and terminal differentiation. WNT signaling represses adipocyte differentiation by inhibiting the expression of PPARγ and CEBPα. The WNT family protein, WNT10B, activates β-catenin and the subsequent inhibition of PPARγ via activation of chicken ovalbumin upstream promoter transcription factor II (COUP-TFII), which recruits the silencing mediator of retinoid and thyroid hormone receptor (SMRT) corepressor complex to the first intron of PPARγ 42) . Thus, although WNT signaling inhibits adipogenesis, as described above, TR inhibits the differentiation of SVF cells to preadipocytes with the reduced expression of Wnt10B and β-catenin mRNA in our study 33) . Such discrepancies remain to be resolved. On the other hand, Akimoto et al. 43) showed that mechanical stretch significantly inhibits myoblast-to-adipocyte differentiation, with a concurrent enhancement of Wnt10B mRNA expression. Moreover, in the human vastus lateralis muscle, expression of the WNT1 gene was substantially more responsive to power training than to strength training; and the total β-catenin protein content increased only in the power training and altered total lipid, glucose, and trehalose levels. Moreover, they found that Gbb/BMP signaling is required in the larval fat body to maintain proper metabolism; yet interestingly, following nutrient deprivation, larvae exhibited a loss of BMP signaling in fat body cells, indicating that Gbb/BMP signaling is a central player in homeostasis. Given that many molecular regulators of nutrient storage and mobilization are conserved between flies and humans, BMPs may also regulate energy homeostasis, besides playing a role in patterning adipose tissue 24) . In humans, there is some evidence that BMPs are associated with different human body morphologies. Devaney et al. 25) showed that having the A or C genotype at the rs15705 SNP in the 30 untranslated regions (UTRs) of the BMP2 transcript causes measurable differences in mesenchymal cells and muscle/fat phenotypes in humans. Males with the C/C genotype have less subcutaneous arm fat than males with the A/C or A/A genotypes. In addition, males with the C/C genotype gained significantly more skeletal muscle after a 12-week resistance training program. Moreover, the expression of BMP receptor 2 mRNA was shown to be significantly increased both in VAT and SAT of 37 overweight (BMI, 25-30 kg/m 2 ) and 80 obese (BMI, >30 kg/m 2 ) subjects compared to 44 lean subjects (BMI, <25 kg/m 2 ) 26) . Thus, BMPs may be involved in TR-induced changes in body composition.
The FGF family also plays a role in regulating metabolic homeostasis 27) . FGF-21 regulates energy homeostasis in adipocytes via activation of AMP-activated protein kinase and sirtuin 1, resulting in enhanced mitochondrial oxidative function 28) . Nevertheless, FGF-21 concentrations are higher in both rodent and human obese subjects. For example, FGF-21 mRNA expression has been shown to be increased in the WAT and liver of obese mice 29) , although hepatic FGF-21 mRNA expression in the liver is 100 times higher than in WAT 30) . The current thinking is that obesity may be an FGF-21-resistant state. On the other hand, a negative correlation was found between serum basic FGF (bFGF) levels and BMI at baseline; and a 6-month exercise program increased serum bFGF levels in Japanese men 31) .
Effect of TR on adipogenesis
The most well known effect of TR is a reduction in adipocyte size, which results from a reduction in lipid droplets via possibly enhanced adipocyte lipolysis. Regarding the effect of TR on the number of adipocytes in WAT, several studies reported no significant decreases in adipocyte numbers after TR in humans and experimental animals (for a review, see Stallknecht 32) ). However, according to the above-mentioned review 32) , TR may reduce the number of adipocytes in WAT, if it is started during early life in rats. Recently, the authors also found decreases in both the number and size of adipocytes in rat epididymal WAT after TR at 5 weeks of age 33) . The possible mechanisms un-group 44) . Thus, together with the role of BMPs in patterning adipose tissue and regulating energy homeostasis, WNTs may play an important role in the adaptation of WAT and skeletal muscle to TR.
Possible effect of TR on angiogenesis of WAT
SVF cells, including ADSCs, have the ability to undergo angiogenic differentiation, in addition to adipogenic, osteogenic, chondrogenic, and myogenic differentiation 36) . Vascular endothelial growth factor receptor 2 (VEGFR-2) plays a crucial role in the differentiation of SVF cells to ECs via VEGF signaling 45) ; VEGFR-1 functions mainly by inhibiting VEGFR-2 signaling or by acting as a decoy receptor 46) . The expression of VEGFRs and VEGF-A is increased by HIF-1α 47) , and capillary growth depends on VEGFR-2 in the skeletal muscle under ischemia 48) or in response to mechanical stretching 49) . In accordance with this scenario, the authors found that TR induced the upregulation of VEGF-A and VEGF-R2 mRNA in SVF cells, in which HIF-1α might be up-regulated 33) ; and that TR significantly increased the number of ECs per millimeter and per adipocyte (1.37-and 1.23-fold, respectively) in WAT 50) . This finding indicates that TR increases the density of ECs per gram of WAT in young, growing rats. However, because the number of adipocytes was fewer and the number of ECs constant in the WAT of TR rats, the regression line for adipocyte number-dependent EC number in TR rats was shifted toward the left without significant differences in the slopes of the 2 groups (Fig.  2) . It can therefore be speculated that TR maintains or enhances the differentiation of SVF cells to ECs, but not to adipocytes, thereby yielding a constant number of ECs under conditions in which the number and size of adipocytes are reduced. Namely, because TR induces a reduction of WAT mass, but not microcirculation, by maintaining the EC number, the basal blood flow per given mass of WAT increases after TR. This explains the reported higher blood flow per gram of WAT or per given mass of WAT in TR rats 32, 51, 52) and in trained humans [53] [54] [55] , respectively, compared with the respective sedentary controls.
The relationship between adipocyte size and biological function
It is generally thought that adipocyte size is closely related to its biological function. In sedentary individuals of similar age, both basal and hormone-stimulated adipocyte metabolism increase with adipocyte size 32) . Moreover, a positive correlation exists between adipocyte size and its ability to secrete many pro-and anti-inflammatory cytokines, including leptin, interleukin-6, tumor necrosis factor-α, and adiponectin 56) . In rat epididymal and inguinal adipose tissue, positive relationships were found between adipocyte size and the expression of both leptin and adiponectin mRNA 57) . Comparison of TR and control rats showed no significant effect of TR on the slopes of the linear regression lines for the correlation between leptin mRNA and adipocyte size in either adipose tissue, whereas the slopes of the regression lines for the correlation between adipocyte size and adiponectin mRNA were greater in the TR group. Thus, the TR-induced reduction in leptin mRNA expression was closely associated with smaller adipocyte size. However, TR amplified the adipocyte-size-dependent expression of adiponectin mRNA, suggesting that TR-induced alterations in adiponectin mRNA may also be mediated by factors other than adipocyte size. In addition, TR enhances adipocyte lipolysis with reduced size of adipocytes via enhanced activity of several components located at the lipolytic cascade 2) .
Perspectives
It is believed that there is little change in abdominal adipocyte number in response to TR even if there is a change in fat mass. However, in previous studies, the estimated change in cell number was derived from estimated total body fat divided by average adipocyte size from a single location. Furthermore, recent studies 58, 59) indicate that approximately 10% of fat cells are renewed annually at all adult ages and BMI levels, and that the absolute number of new adipocytes generated, each year, is 70% lower in hypertrophy than in hyperplasia. In the study 33) , which showed a reduced number of adipocytes in epididymal WAT, TR was started in rats at 5 weeks of age. The development of rat epididymal WAT during early life involves increases in both adipocyte number and size, but only the cell size changes with further increases in adiposity 60, 61) . Therefore, as suggested by Thompson et al. in their excellent review 1) , given the slow turnover of adipocytes and the observation that adipocyte number varies with adiposity in a location-dependent manner, one looks forward to studies on the long-term effects of TR on adipose cellularity, particularly those associated with developmental and patterning genes. However, the finding that TR inhibits both WAT hypertrophy and hyperplasia in younger rats 33) may conflict with the possibility that TR can produce "healthy WAT," because hyperplasia (many small adipocytes) in both the VAT and SAT regions may protect against lipid and glucose/insulin abnormalities in obesity 62) . Much has been learned about adiposity from past studies published in the 1970s 60, 61, 63, 64) , but knowledge continues to expand and open new fields.
It is claimed that the TR-induced morphological changes in WAT may be quite similar to those induced by caloric restriction, and that a negative energy balance may be a key to the morphological changes in WAT in response to TR. If so, then the developmental and/or patterning genes, especially BMPs and the FGF family, may function as common sensor(s) of the energy deficit induced by TR and/or caloric restriction; yet, it is debatable whether the various adaptations of WAT to TR are mediated by a negative energy balance or elicited by the effects of TR per se. Future studies, no doubt, are required to clarify the responses of WAT to health-related TR, given the individual genetic variation and cellularity differences of fat depots.
